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We designed, fabricated, and measured anti-reflection coating (ARC) on sapphire that has 116% fractional bandwidth
and transmission of at least 97% in the millimeter wave band. The ARC was based on patterning pyramid-like sub-
wavelength structures (SWS) using ablation with a 15 W femto-second laser operating at 1030 nm. One side of each of
two discs was fabricated with SWS that had a pitch of 0.54 mm and height of 2 mm. The average ablation volume re-
moval rate was 1.6 mm3/min. Measurements of the two-disc sandwich show transmission higher than 97% between 43
and 161 GHz. We characterize instrumental polarization (IP) arising from differential transmission due to asymmetric
SWS. We find that with proper alignment of the two disc sandwich RMS IP across the band is predicted to be 0.07% at
normal incidence, and less than 0.6% at incidence angles up to 20 degrees. These results indicate that laser ablation of
SWS on sapphire and on other hard materials such as alumina is an effective way to fabricate broad-band ARC.
I. INTRODUCTION
Sapphire, alumina, and silicon have material properties that
make them appealing for use as optical elements in the mil-
limeter and sub-millimeter (MSM) waveband, loosely defined
as 30 - 3000 GHz. Compared to plastic-based materials, they
have indices of refraction near 3, giving more aberration cor-
rection power per unit lens thickness1. They have amongst
the lowest absorption loss at room temperature and when
cooled to cryogenic temperatures2, and they have thermal con-
ductance higher by factors of hundreds, making them useful
for cryogenic applications3. Sapphire has 10% birefringence
making it an ideal half-wave plate (HWP) material for polari-
metric applications. A number of astrophysical instruments
operating in the MSM waveband are using these materials4–7.
The high index of refraction leads to high reflection loss;
the average reflectance across 30% fractional bandwidth of a
1 cm thick slab of non-birefringent sapphire at 150 GHz is
40%. Reduction of reflection loss is achieved by applying
an anti-reflection coating (ARC). There are two generic ap-
proaches for implementing ARC: (i) applying layers of mate-
rials with appropriately chosen intermediate indices; and (ii)
machining sub-wavelength structures (SWS) on the native op-
tical element material8. An advantage of the SWS approach is
that it does not require new materials and glues. This advan-
tage matches well the needs of cryogenic instruments in which
differences in coefficients of thermal expansion make the ap-
plication of multi-layers challenging. Another advantage is
a)Electronic mail: takaku@ac.jaxa.jp
that SWS give flexibility in synthesizing any index profile be-
tween free space and the substrate material. Prescriptions ex-
ist for index profiles that give fractional bandwidths exceeding
100% with maximal, in some sense optimal, in-band transmis-
sion9.
Two classes of MSM instruments that require broad-
bandwidths and cryogenic optical elements are those mapping
the spatial polarization of the cosmic microwave background
radiation (CMB)5–7,10–13, and others measuring the properties
of Galactic dust14–16. A number of these instruments have
used, or plan to use, sapphire as HWP polarization modulator.
To reduce detector noise the HWP is maintained at cryogenic
temperatures, typically near 4 K, and to increase instrument
throughput a single HWP operates over a broad range of fre-
quencies, making a single quarter-wave layer of ARC inade-
quate. Examples of relevant past instruments include Blastpol
and EBEX, which had sapphire HWPs with operating band-
width of 69% and 109%, respectively5,14. The bandwidth of
the EBEX HWP is the largest reported to date. Ongoing and
future experiments include POLARBEAR2, Simons Observa-
tory and LiteBIRD7,12,17.
LiteBIRD is a Japanese-led space mission scheduled to be
launched late in the next decade17,18. LiteBIRD’s low fre-
quency telescope (LFT), designed to operate between 34 and
161 GHz (a fractional bandwidth of 130%), will have an aper-
ture diameter of 40 cm with a HWP operating at 20 K. Cur-
rently no ARC technology on sapphire is available over this
broad bandwidth. Implementing SWS ARC for the LiteBIRD
HWP has motivated the developments we report in this paper.
Although SWS have advantages as ARC, their implemen-
tation on hard materials such as sapphire and alumina present
fabrication challenges19–22. Broad bandwidths require SWS
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2with aspect ratios – defined as height/pitch – reaching four.
Diameters of anticipated sapphire and alumina optical ele-
ments, which are reaching 80 cm23, require commercially
viable machining speed. To overcome these challenges we
demonstrated a technique to fabricate mm-wave SWS on sap-
phire, alumina, and silicon using laser micro-fabrication24–27.
With laser ablation, which has already been used in the past
to ablate these and other materials28–30, there is no wear and
tear of the machining tool. Even for materials that can be
machined using conventional tools, laser ablation gives finer
control of structure shapes, because laser spot diameters can
be focused to smaller sizes than other tools. Finer control
of SWS shapes would give higher transmission over broader
bandwidth.
Schütz et al. and Matsumura et al. (Refs. 24 and 26) demon-
strated laser-ablated aspect ratios a = 2.2 and 2.5, and heights
between 700 and 800 µm, with sapphire and alumina, respec-
tively. Young et al. (Ref. 25) extended the technique to silicon,
showing a = 4 with height near 700 µm. To demonstrate ap-
plicability to lower frequencies and broader bandwidths, Mat-
sumura et al. (Ref. 27) fabricated structures with a = 5.3 and
total height of 2.1 mm on sapphire. In all of these cases, the
volume ablation rate was small, making fabrication of large
samples prohibitively expensive; for example, at the rate Mat-
sumura et al. (Ref. 27) quoted for the 2.1 mm tall structures
on sapphire it would have taken two months to fabricate a
10 cm diameter sample. Further steps in the development
of laser micro-fabrication of mm-wave SWS include demon-
strating ablation rates that would make commercial fabrica-
tion viable with SWS aspect ratios suitable for broad band-
width applications31. In this paper we present progress in the
design, fabrication, and characterization of laser-ablated SWS
ARC, aiming for 130% fractional bandwidth ARC centered
on 97 GHz with improved fabrication speed. In Section II, we
present the design of the SWS. Sections III and IV give details
of the fabrication of two sapphire samples and their transmis-
sion properties. We discuss the results and give conclusions
in Sections V and VI.
II. DESIGN
LiteBIRD’s LFT, one of three telescopes aboard the space-
craft17, will operate over a frequency range between 34 and
161 GHz. The focal plane will have about 1200 bolometric
detectors tuned to nine broad-band, ∼25% fractional band-
width frequency bands. A single HWP placed at the entrance
aperture of the LFT will modulate the polarization of sky sig-
nals across the entire bandwidth. Thus, the goal is to demon-
strate SWS ARC with 130% fractional bandwidth centered on
97 GHz.
Klopfenstein (Ref. 9) derived a prescription for impedance
matching between free space and a sample of index n. The
prescription gives an optimal index of refraction profile and
depends on a parameter Γm that controls the trade-off between
the lowest frequency of the passband and transmission ripple
in-band32. All values of Γm between 0.01 and 0.1 give aver-
age band transmission between 98% and 99%, and we chose
FIG. 1. Geometrical parameters of pyramidal-shaped SWS. The
shape of the pyramids (right panel) is controlled by a parameter α
defined by Equation 1. Other parameters are the tip width w0, the
period p, the width at the bottom of the pyramid p′, the groove width
b, and the height h.
Γm = 0.055 as a fiducial value. With this value average trans-
mission is near 99%. There are several approaches to trans-
forming the index profile to a physical shape but there is no
single closed-form solution32,33. We employ an empirical de-
sign approach: we construct physical shapes and use effective
medium theory (EMT)34 and rigorous coupled-wave analy-
sis (RCWA)35,36 to calculate the resulting index profile. We
choose the physical shape that most closely reproduces the
desired Klopfenstein index profile. RCWA calculations were
carried out using DiffractMOD37.
We model the SWS as a grid of identical pyramids, see Fig-
ure 1. We search for a pyramid shape that closely matches the
Klopfenstein index profile by constructing a shape function
that gives the width of the pyramid as a function of distance z
from the substrate material
w(z) = w0 +{(p−b)−w0}{1− (z/h)α} , (1)
where the parameters are defined in Figure 1. A value of
α = 1 gives linear slopes; smaller (larger) values give con-
cave (convex) slopes. We considered several values for α ,
but in all cases used p = 0.54 mm and h = 2.0 mm, giving
a = 3.7. The pitch p is set by requiring that at normal inci-
dence the smallest value of the highest pass-band frequency
be νhigh = c/pns = 180 GHz. Thus p = λhigh/ns = 0.54 mm,
where ns = 3.06 is the index of c-cut sapphire. Smaller value
of p implies shorter λhigh, higher νhigh, and thus larger band-
width. In Section V B we discuss non-normal incidence.
Guidance for the minimum required h is obtained by consid-
ering the lowest pass-band frequency and applying the stan-
dard criterion for maximum transmission with a single ARC
layer that has a uniform index nl . In that case nl =
√
ns, and
the thickness of the layer should be t = λ0/4nl , where λ0
is the vacuum wavelength. For the pyramids we found em-
pirically that h should satisfy h & λ0/3nl = 1.9 mm, where
λ0 = 8.8 mm. We required h = 2.0 mm. The choice of w0
was determined iteratively by trying several values. We deter-
mined that w0 = 0.1 mm is the largest value that would still
give an effective index that matches the Klopfenstein profile.
Larger values produce a mismatch of the indices near n = 1.
We assumed that the deep laser ablated grooves will give b= 0
making p = p′ (see Figure 1).
We used second-order EMT to calculate the effective in-
3FIG. 2. Top: EMT-calculated index profiles for four values of α
(colored lines, Equation 1), and the Klopfenstein index profile with
Γm = 0.055 (black). The other physical parameters used to calculate
the index profiles are h = 2.0 mm, p = 0.54 mm, w0 = 0.1 mm, and
b = 0. Bottom: calculated transmittance as a function of frequency
for SWS designs with the parameters given in the upper panel. Sharp
reflection features above 180 GHz are due to the onset of diffraction.
dex of refraction as a function of α , and RCWA to calculate
the expected transmission as a function of frequency; see Fig-
ure 2. A convex pyramid shape with α = 1.5 gives an index
profile that closely matches the Klopfenstein profile with the
fiducial Γm. The average band transmissions for α = 1.0, 1.5
and 2 are 97.7%, 98.4%, and 98.3%, respectively; see Fig-
ure 2. The sharp reflection features apparent in the Figure
above 180 GHz are due to the onset of diffraction.
III. SAMPLE PREPARATION AND CHARACTERIZATION
A. Sapphire
We procured three samples of c-cut sapphire that were
cut from the same ingot, each 3.150± 0.002 mm thick and
100 mm diameter. We used one sample and the apparatus dis-
cussed in Section IV to measure the index of refraction and
loss and obtained n = 3.062± 0.002 and tanδ < 1× 10−4,
which is consistent with other data1. In subsequent analysis
and simulations we assume that these values are common to
all three samples.
We fabricated the SWS on a circular area of 34.5 mm diam-
eter on one side of each of two samples, to which we refer as
Sample 1 and Sample 2. We patterned only one side because
LiteBIRD’s LFT HWP will be a Pancharatnam multi-stack
achromatic HWP38 with SWS only on the outermost surfaces.
In Section IV we present transmission measurements of each
sample and when they are stacked flat side on flat side.
Using c-cut, non-birefringent sapphire, simplifies interpre-
tation of the results. At normal incidence, which is the only
experimental data we present here, any apparent birefringence
is the result of asymmetry in fabrication, not of inherent asym-
metry in the material, as would be the case with birefringent
a-cut sapphire.
B. Laser machining
The SWS are patterned using a 15 W average power femto-
second laser operating at 1030 nm; the laser parameters are
given in Table I. The laser beam scans lines in two orthogonal
directions to make grooves, and thus produce the pyramids;
see Figure 3. This scan strategy largely follows an approach
we used in the past, see for example Young et al. (Ref 25). The
focus position is set at a fixed z = −0.75 mm throughout the
ablation. The surface of the disk at the beginning of ablation
is at z = 0 and negative values are inside the sample.
TABLE I. Laser Specifications
Model: Pharos, PH1-15W
Wavelength 1030 nm
Repetition rate 75 kHz
Pulse duration 290 fs
Pulse energy 200 µJ
Spot diameter (1/e2) 15.5 µm
FIG. 3. Sketch of the laser beam scan pattern to fabricate the SWS.
Repeated ablation of groups of 53 lines produces grooves. The lines
are internally spaced by less than 10 µm and the groups are separated
by at least 72 µm. Grooves fabricated in two orthogonal directions
leave pyramids, which are the SWS. Layers similar to the one shown
in the sketch are repeated 60 times until the desired SWS height is
achieved.
4FIG. 4. Left: Confocal microscopy image of a section of the fab-
ricated SWS. The structures are physically intact across the entire
sample and the average height is 2 mm. Right: Definition of mea-
surement parameters. Averages of 800 measurements of these pa-
rameters are given in Table II.
C. Characterization of fabricated structures
The SWS were imaged using confocal imaging. A three-
dimensional image of a section of the fabricated region is
shown in Figure 4. Visual inspection indicates that all SWS
are physically intact with no breakage nor damaged tips. We
measured 160 structures at each of five locations in each sam-
ple, in the center and in four edge regions, and quantified sev-
eral geometrical parameters as detailed in Figure 4 and Ta-
ble II. Values given in the Table are averages and standard
deviations of the 800 measurements. We established a global
cartesian coordinate system that was aligned with the grooves,
and for each measured pyramid we defined xz and yz planes
that intersected the center of its peak. For both planes (and
for each pyramid) we quantified the widths w0x and w0y and
two ‘saddle’ heights dx and dy, which quantified the depths
between pyramids in the x and y directions. The total height
ht is given by the depth into trenches in the diagonal direction
where the laser beam ablates in both the x and y passes. We
best-fit the slopes of the pyramids as imprinted in the xz and
yz planes to produce measured αx and αy.
There is good agreement between the design and fabricated
values for the pitch and total height, and there is x-y sym-
metry in the measured pitch. There is good repeatability be-
tween the two samples, which were fabricated several days
apart. Asymmetry of 5%-20% is apparent at the tip of the
structures, the saddle heights, and the slope values α . This
structural asymmetry could have been caused by laser beam
polarization, which was not monitored; by the ablation scan
strategy, for example the order in which x and y directions
were scanned; or by laser beam projection, if the sample was
not precisely normal to the beam.
It took 10.5 hours to fabricate each sample giving an aver-
age volume removal rate (AVRR) of 1.6 mm3/min. This rate
is 18 times faster than achieved in one of our earlier publica-
tions27. The higher rate is due to using five times higher av-
eraged power and a more efficient sample scan pattern. Mat-
sumura et al. (Ref. 24) report a higher AVRR of 2.2 mm3/min,
but with higher power (25 W) and for SWS with smaller total
TABLE II. Averages of measured geometrical parameters of 800
pyramids measured in five regions of each sample. The parameters
are defined in Figure 4.
Parameter Design value Sample 1 Sample 2
(mm) (mm) (mm)
Top width x (w0x) 0.1 0.14±0.01 0.14±0.01
Top width y (w0y) 0.1 0.12±0.01 0.12±0.01
Saddle height x (dx) 1.51±0.04 1.52±0.04
Saddle height y (dy) 1.60±0.04 1.59±0.05
Total height (ht ) 2.0 2.03±0.04 2.04±0.05
Pitch x (p′x) 0.54 0.54±0.01 0.54±0.01
Pitch y (p′y) 0.54 0.54±0.01 0.54±0.01
αx † 1.5 1.56±0.06 1.56±0.04
αy † 1.5 1.22±0.02 1.22±0.02
† dimensionless quantity
height of 715 µm; Schuetz et al. (Ref. 26) show that AVRR
increases with power and lower structure height.
Using EMT and the average values given in Table II we cal-
culated effective index profiles in x and y for each sample; see
Figure 5. To indicate the variance we included the index pro-
files for all 800 measured structures as shaded regions. As the
values in Table II indicate, the measured profiles in x match
the design profile with α = 1.5 better than the measured pro-
files in y.
FIG. 5. The effective index of refraction calculated with EMT using
the average values of the measured SWS (solid red and green), and
with the design values and α = 1.5 (solid black). The shaded regions
include index profiles for all 800 measured structures.
IV. TRANSMISSION
We measured the transmittance of the samples at nor-
mal incidence between 33 and 190 GHz. The apparatus, a
schematic of which is shown in Figure 6, consisted of a source
of microwaves, an optical chopper operating at 30 Hz, two
parabolic mirrors, a diode detector, and a lock-in amplifier.
5Between the two mirrors there was an aperture of 30 mm di-
ameter, a sample holder, attenuators to reduce standing waves,
and two always identically aligned wire grid polarizers with
calculated efficiency exceeding 99% across the bandwidth.
The transmission axis of the polarizers was aligned to within
3 degrees with the x axis of the samples, and the stacked sam-
ples were aligned relative to each other to within 0.5 degrees.
To further reduce the effects of standing waves our reported
transmittance at each frequency is the average of two trans-
mission measurements taken with the detector positioned at
two locations spaced by λ/4 along the light path. Each trans-
mission measurement is the ratio of power detected with the
sample to the power detected without it.
Measurements of transmission through one of the native
samples establish error estimates for subsequent data analy-
sis. We measured transmission using different RF sources at
five sub-bands between 33 and 190 GHz; see the top panel of
Figure 7. We fit the transmittance to a model with two free
parameters, the index of refraction and loss tangent, and find
the residuals; see the bottom panel of Figure 7. We identify
systematic residuals as arising from incomplete cancellation
of standing waves and quote the RMS of the residual as the
error of transmission measurements in each sub-band. They
are 6% (33-50 GHz), 3% (50-75 GHz), and 2% (75-190 GHz).
The errors quoted in Section III A for the values of the index
of refraction and loss were derived by fitting the transmittance
data using statistical errors with magnitude per band as given
above and including uncertainty on the measurement of sam-
ple thickness. The index and loss errors are dominated by the
thickness measurement uncertainty.
FIG. 6. Schematic of the transmittance measurement setup. Addi-
tional details are given by Komatsu et al. (Ref. 39).
We measured the transmittance of each sample and of both
mechanically attached flat-side to flat-side. The two samples
were held together; no glue was used. The samples were
stacked with x orientations aligned parallel to each other. Each
of the measurements was conducted with the transmission
axis of the wire grid polarizers parallel and perpendicular to
the x axis of the samples. We refer to these measurements as
Tx and Ty, respectively, indicating that the incident and mea-
sured polarization states align with the x and y orientations
FIG. 7. Top Panel: Transmittance measurement of the flat sample
(blue data) and two-parameter fit (solid orange) including the index
of refraction and loss tangent. The measurement was done in five
sub-bands indicated by horizontal bars. Bottom panel: residual, data
minus fit, from which we infer error bars. We conservatively take the
error bar per datum in each sub-band to be the RMS of the residual
in the sub-band.
of the samples. The measurements are shown in Figure 8 to-
gether with the predicted transmission, which was calculated
using RCWA and was based on the average values given in Ta-
ble II and no loss. The transmittances Tx and Ty of individual
samples agree with predictions and are only ∼0.75 because
they were patterned only on one side.
For the stacked samples we find 91% transmittance aver-
aged between the Tx and Ty data for the lowest LiteBIRD fre-
quency band between 34 and 46 GHz. For the second lowest
band between 43 and 58 GHz the average is 97%. Other fre-
quency bands have above 98% averaged transmittance. At fre-
quencies above 150 GHz the transmittance of the stack is de-
creasing and is lower than predicted. A χ2 analysis using data
over the entire bandwidth (33-190 GHz) and varying the loss
tangent in the fit model gives a minimum for tanδ < 1 ·10−4,
which is consistent with measurements with the native sam-
ple.
While determining the precise source for lower transmit-
tance at higher frequencies is beyond the scope of this paper,
we discuss several candidates. Calculations indicate that a
uniform 30 µm air gap between the stacked samples could
explain the observed feature. Measurements set an upper
limit of 24 µm. Ruze scattering from a flat surface with
30 µm RMS roughness could decrease transmittance to 95%
at 180 GHz40. This roughness value is close to the 30 µm
uncertainty we quote for SWS height measurements (see Ta-
ble II), which could be interpreted as an effective roughness.
However, transmission measurements of the single samples
indicate lower levels of effective roughness. Laser ablation
of the SWS modifies the material properties near the surface
and the modified material may exhibit higher loss compared
to the native single crystal. Evidently, any such higher loss
is not sufficiently prominent to be exhibited with significant
signal-to-noise ratio with transmission measurements of the
individual samples. A combination of these effects could be
the source for the lower transmission.
6FIG. 8. Transmittance measurements Tx and Ty (blue data) of each sample (top four panels), of the samples stacked flat side to flat side
(bottom row), and transmission predictions (red lines) based on the measured mean parameters given in Table II. In the bottom row, the plates
are stacked with x of one parallel to x of the other.
V. SYSTEMATIC EFFECTS
The two-dimensional rectangular-like nature of the z-axis
projection of the SWS is a potential source of polarimet-
ric systematic effects. Systematic asymmetry in fabrication
along the two orthogonal axes, due to laser beam polariza-
tion or birefringent material properties (if such is used), leads
to different effective indices of refraction along the two axes.
Differential index causes differential transmission, which is a
source of instrumental polarization (IP), the conversion of un-
polarized to polarized light by the optical element. Even when
the structures are two-dimensional symmetric there is differ-
ential reflection at non-normal incidence, as there would with
any ARC scheme; differences in transmission between S and
P polarization states of the incident light lead to IP.
To quantify the IP induced by normal incidence differential
transmission we use the figure of merit25,41
IP(ν) =
Tx(ν)−Ty(ν)
Tx(ν)+Ty(ν)
(2)
=
T (φ = 0◦,ν)−T (φ = 90◦,ν)
T (φ = 0◦,ν)+T (φ = 90◦,ν)
, (3)
where we have introduced in the last expression the rela-
tive rotation angle φ between the x orientation of the sam-
ple and the direction along which transmission is probed. IP
vanishes for normal incidence light when the substrate and
ARC are z-projected isotropic. At normal incidence Equa-
tions 2 and 3 could have been written equivalently in terms of
Ts ≡ T (φ = 0o) and Tp ≡ T (φ = 90o), the transmissions for S
and P polarization states.
At non-normal incidence and in the presence of x-y ARC
asymmetry Ts and Tp depend on both the angle of incidence
θi and on the azimuthal angle φ of the plane of incidence,
measured relative to x. We now have
IP(φ ,θi,ν) =
Ts(φ ,θi,ν)−Tp(φ ,θi,ν)
Ts(φ ,θi,ν)+Tp(φ ,θi,ν)
. (4)
In the following two Sections we quantify systematic ef-
fects due to asymmetry in the fabricated SWS at normal in-
cidence (Section V A) and due to non-normal incidence (Sec-
tion V B), and discuss the level of mitigation provided by ap-
propriately stacking the two-disc sandwich. We refer to ‘par-
allel’ and ‘perpendicular’ configurations, in which the two
plates are stacked with their x axes parallel, or with x of one
perpendicular to x of the other, respectively. In the perpendic-
ular configuration the quantities Tx and Ty refer to transmission
measurements relative to the x axis of the source-side sample
of the stack, which was Sample1.
7A. Asymmetry of SWS at normal incidence
Figure 9 shows IP inferred from the measured data (Fig-
ure 8) for the individual samples and when stacked in the par-
allel configuration. It also shows the calculated response (us-
ing RCWA) using the average parameters for the x and y ori-
entations in Table II. We find values of IP reaching 10% at fre-
quencies below 100 GHz for the individual samples, and be-
low 50 GHz for the parallel stacking. For the entire bandwidth
the RMS IP is 2.5%. At frequencies higher than 50 GHz, IP in
the parallel stacking configuration is smaller than in the indi-
vidual samples because of higher transmission and because of
some averaging of the two somewhat different asymmetries.
However, the calculation shows that if the plates were stacked
in the perpendicular configuration there would have been a
strong reduction across the band. The RMS IP is 0.07%, 35
times smaller than in the parallel case; see Figure 9.
FIG. 9. Instrumental polarization due to differential transmission IP
for each of the samples and when stacked with x axes parallel (blue
data points, top three panels), and RCWA predictions for IP (solid,
red) based on the average measured values (Table II). For perpendic-
ular stacking (bottom two panels, each with different vertical range),
calculated RMS IP for the bandwidth is 0.07%. The vertical dashed
line shows the 90 GHz frequency for which we made measurements
as a function of stack rotation angle; see Figure 10.
Figure 10 gives data and RCWA predictions for normal in-
cidence transmittance as a function of stacked sample rotation
angle φ for the two configurations at 90 GHz. Concentrating
on the parallel configuration first, the effective differential in-
dex in x and y is an effective stack birefringence that causes
8.6% modulation as a function of φ with pi/2 periodicity only
with fully polarized incident light. That is, the measurements,
which were conducted with fully polarized light, give
0.086 =
T¯ (φ = 0◦)− T¯ (φ = 45◦)
T¯ (φ = 0◦)+ T¯ (φ = 45◦)
, (5)
with θi = 0o, ν = 90 GHz, and T¯ indicates that we average
all T values at the φ indicated and with pi/2 periodicity. If
the experiment and simulation were conducted with unpolar-
ized light, this pi/2-periodic modulation would have vanished.
Given measurement errors in this band of frequencies, the
pi/2-periodic modulation of 0.086 has an uncertainty of 0.014.
The IP signal due to differential transmission has pi period-
icity. Given the 1σ = 1.4% measurement uncertainty the data
only give a 2σ upper limit of IP < 2.8%, when calculated us-
ing Equation 3. This value is consistent with the IP value at
90 GHz in the third panel of Figure 9, 3± 1.4%. This level
would persist if the measurement was done with unpolarized
light. In the perpendicular configuration both the pi/2 and pi-
periodic modulation amplitudes, calculated using Equations 5
and 3, are consistent with zero within measurement errors.
The transmission data as a function of φ , such as presented
in Figure 10, reveal that measurements at only two orienta-
tions x(φ = 0) and y(φ = 90o) as shown in Figure 9 and IP
calculated using Equation 2 combine information from dis-
tinct physical effects. The effects correspond to, and can
be quantified with higher accuracy using decomposition to
Fourier harmonics39,42. We fit the data of Figure 10 to the
model
T (φ ,ν = 90 GHz) =
a0 +a2 cos(2φ +2C2)+a4 cos(4φ +4C4), (6)
and constrain the amplitudes and phases. We find IP=
a2/a0 = 1.6± 0.2% and 0.21± 0.22%, in the parallel and
perpendicular configurations, respectively; and a4/a0 = 7.9±
0.2% and 0.07± 0.22%, respectively, for the effect of stack
birefringence. The data in the perpendicular configuration is
consistent with zero we thus quote an upper limit of 0.5% on
the values of a2/a0 and a4/a0. We find that (1) the pi and pi/2
periodic modulations quantified through a2/a0 and a4/a0 are
more tightly constrained compared to using Equations 3 and 5;
(2) the modulation amplitude constraints calculated using the
two techniques are consistent; (3) there is a significant detec-
tion of IP, that is, pi periodic modulation, in the parallel case
but not in the perpendicular case; and (4) the relatively large
7.9% pi/2 periodic modulation measured in the parallel case
is not detectable in the perpendicular case.
With the structures as fabricated, perpendicular stacking is
predicted to constrain IP to below 0.5% at 90 GHz, a value
that is limited by measurement uncertainty, not by inherent
asymmetry.
B. Non-normal incident light
Optical systems are designed to admit rays over a range of
incidence planes and angles and thus calculations of system-
atic effects arising from ARC SWS asymmetry should take
8FIG. 10. Stacked sample transmittance at 90 GHz (blue points) as
a function of stack rotation angle φ for the parallel (top two panels)
and perpendicular (bottom two panels) configurations, and RCWA
predictions based on the measured parameters in Table II (red solid).
The lower panel in each pair has a limited range for the ordinate
values. Shaded regions indicate the 2% systematic uncertainty we
assign to each data point in this frequency. The statistical uncertainty
per data point is 0.2%.
account of the entire range of incidence planes and angles. In-
cluding the full range amounts to averaging that gives smaller
systematic effects compared to using a single incidence plane
and the extreme incidence angle. In the discussion below
we analyze the effects of non-normal incidence angles with-
out any such averaging, and therefore the quantitative val-
ues should be understood as upper limits. The analysis relies
solely on RCWA calculations of the perpendicular configura-
tion; we have already established that this configuration has
smaller level of systematic effects.
The upper panel of Figure 11 shows calculated IP(φ = 0)
as a function of frequency for normal incidence and for the 5,
10, 15 and 20 degrees incidence angle. For normal incidence
the calculation is identical to the one shown in the lower panel
in Figure 9. The lower panel shows the difference between
transmission at normal incidence and at other angles, again
for φ = 0. For LiteBIRD’s maximum planned incidence angle
of 15 degrees RMS IP across the band is 0.4%, an increase of
0.3% relative to normal incidence. At 20 degrees incidence,
RMS IP increases to 0.6%. For φ = 90 degrees, RMS IP val-
ues at 15 and 20 degrees incidence are smaller by 0.1%.
Onset of diffraction is apparent at lower frequencies with
larger incidence angles. For off-normal incidence, the fre-
quency of diffraction onset – that is, at the lowest order –
is32,43
νd =
c
p(n+ sinθi)
, (7)
providing qualitative agreement with the RCWA calculation.
We do not expect exact quantitative agreement because the
RCWA calculation assumes the full average shape informa-
tion for the two samples, as given in Table II, whereas Equa-
tion 7 only assumes a periodic array of scattering centers.
FIG. 11. RCWA prediction of IP(φ = 0) for various incidence an-
gles (upper panel), and the difference of off-normal incidence spec-
tra with normal incidence spectra (lower panel), all in the case of
perpendicular stacking configuration.
VI. CONCLUSIONS
SWS have advantages as ARC because they obviate the
need for multiple materials and glues with precisely tuned in-
dices of refraction, and because the index gradient produced
can be smoother and tailored to specific applications. SWS
are superior for cryogenic applications, because there is no
need to match materials with different coefficients of thermal
expansion. Fabricating SWS on alumina and sapphire – ma-
terials that have favorable optical properties in the millime-
ter and sub-millimeter wave band – using standard machining
approaches has been challenging because both materials are
among the hardest available. They rank 9/10 on the relative
hardness Mohs scale, and sapphire (alumina) has a value of
2500 (2000) HV on the Vickers hardness scale. In this pa-
per we have extended our development of laser ablation as a
tool to fabricate SWS for the millimeter and sub-millimeter
band. We demonstrated structures on sapphire with aspect
9ratio a = 3.7. The newly fabricated SWS give a working
bandwidth of 130% with transmission above 90% centered on
97 GHz, and of 116% with transmission of at least 97% cen-
tered on 102 GHz, arguably the largest bandwidths yet demon-
strated in this wavelength range.
Using shorter pulse duration higher power laser and a more
efficient fabrication process we have accelerated the AVRR
for sapphire by a factor of 18 to 1.6 mm3/min. Further ac-
celeration is achievable with increase in laser power44,45 and
improvements in fabrication efficiency.
Although the native material was non-birefringent, we
found shape asymmetries in the fabricated SWS. Future dis-
covery of the asymmetries’ origin will indicate the path for
their elimination. However, we showed that proper relative
alignment of samples reduces the magnitude of induced in-
strumental polarization due to differential reflection by a fac-
tor of 35 to 0.07% at normal incidence, and to less than 0.6%
for incidence angles up to 20 degrees.
These results and newer ones showing even higher ablation
rates31 indicate that laser ablation of SWS on sapphire and
on other hard materials such as alumina is an effective way
to fabricate broad-band ARC; the technique has particularly
strong advantages in the case of cryogenic applications.
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